We propose a novel technique to probe the beyond standard model (BSM) of particle physics. The mass spectrum of unknown BSM particles can be scanned by observing gravitational waves (GWs) emitted by Hawking radiation of black holes. This is because information on the radiation of the BSM particles is imprinted in the spectrum of the GWs. We fully calculate the GW spectrum from evaporating black holes taking into account the greybody factor. As an observationally interesting application, we consider primordial black holes which evaporate in the very early universe. In that case, since the frequencies of GWs are substantially redshifted, the GWs emitted with the BSM energy scales become accessible by observations.
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I. INTRODUCTION
Last year, Higgs particle is discovered [1] and all particles in the standard model of particle physics are eventually identified. However, many phenomena which cannot be explained within the standard model have been found (e.g. dark matter, inflation, neutrino mass, etc). A number of hypothetical particles are introduced and supposed to be observed in the future. Since those beyond standard model (BSM) particles are assumed to be very heavy and/or weakly coupling to the standard model particles, to detect them is not a easy task. In fact, no evidence of a BSM particle is found in Large Hadron Collider, so far. Therefore it is very important to consider a novel technique to probe BSM particles.
In this paper, we propose a new way to scan the mass spectrum of the BSM particles by using gravitational waves (GWs) which are radiated by light black holes (BHs). It is well known that light BHs lose their masses by emitting particles through Hawking radiation and finally evaporate [2, 3] . A BH emits only particles whose mass are smaller than Hawking temperature T BH ,
where M Pl is the reduced Planck mass and M BH is the mass of the BH. T BH increases as the BH loses its mass. Thus the BH begins to radiate a heavy particle with a mass M BSM when the Hawking temperature reaches the mass, T BH ≃ M BSM . Since Hawking temperature goes up to the Planck scale right before the evaporation of a BH, any particles whose masses are less than M Pl can be radiated by evaporating BHs. The mass spectrum of BSM particles is imprinted in the power spectrum of GWs from evaporating BHs. Roughly speaking, this is because when a BH begins to emit a heavy particle, the number of degrees of freedom (DOF) radiated by the BH changes and the ratio between the energy going to GWs and the total radiative energy also changes. This drop of the energy fraction causes a step like feature in the GW spectrum. In eq. (2), the relationship between the BSM mass spectrum and the resultant GW spectrum is sketched,
The BSM mass spectrum, ρ (M BSM ), determines the DOF emitted by BHs as a function of Hawking temperature, g(T BH ). The mass loss rate of a BH is proportional to it, ∂ t M BH (t) ∝ g(T BH ), and we can solve the time evolution of the BH mass, M BH (t), or equivalently, that of the Hawking temperature T BH (t). Then it is workable to compute the resultant spectrum of the GWs, Ω GW (ν 0 ), or any other particles. Note that the spectrum of photons or neutrinos can also be candidates for observational probe but we focus on the graviton case in this paper, because the interaction with other particles is negligible.
The imprinted feature of the BSM physics in the GW spectrum appears at the frequency which corresponds to the energy scale of the BSM. Such a high frequency GW is perhaps undetectable. However, if one identifies the BHs as primordial black holes (PBHs) [4] which evaporate in the very early universe, the emitted GWs are substantially redshifted and become accessible.
To obtain a proper spectrum form, we take into account the greybody factor which is often ignored but significantly alters the spectrum. Moreover, since we do not know the actual BSM theory, we assume that all the BSM particles live at the GUT scale to demonstrate a readable spectrum.
The rest of paper is organized as follows. In section 2, we briefly review Hawking radiation and greybody factor. In section 3, the spectrum of GWs emitted by a BH without cosmic expansion is calculated. In section 4, the spectrum of GWs produced by PBHs is computed and its observability is discussed. In section 5, we conclude.
II. HAWKING RADIATION
In this section, let us briefly review Hawking radiation and the greybody factor of gravitons. The energy spectrum of a graviton emitted by the Hawking radiation of a single BH per unit time is given by [2] 
where ω is the energy of the graviton, Γ denotes the greybody factor (or the absorption coefficient) and the factor 2 in front of Γ reflects the two polarization of graviton. On the Black hole event horizon, particles are radiated with the thermal distribution (blackbody) while not all of them reach a distant observer because of the gravitational potential of the BH. The greybody factor, Γ, represent the probability that a particle with an energy ω travels to the infinite distance despite of the BH potential. The greybody factor is obtained by solving the equation of motion around the BH of the particle in interest. In the case of tensor perturbation around a Schwarzschild BH, it is written as [5] 
where r is the radial coordinate and x is Tortoise coordinate, x ≡ r + r ln(r − 1). Note that in this section, we set Schwarzschild radius as 1,
Eq. (4) is called "Regge-Wheeler equation". One can check the definition of Q l (r) in their paper [5] , but it is basically the l-mode of the graviton field whose polarization is odd. The even mode has more complicated potential while its greybody factor is identical to the odd mode [6] . Note that the label of the spherical harmonics should be l ≥ 2 in the graviton case.
Since the potential V (r, l) vanish at r → 1 and ∞, the asymptotic solution of Q l is given by plane waves
where R l and T l are the reflection, transmission coefficients, respectively. Eq. (4) has the same form as the Schrödinger equation and hence we can use the analogy with the tunneling problem in quantum mechanics. Then the greybody factor of graviton is given by
The analytic expressions of |T l | 2 in the low energy limit ω ≪ 1 and the greybody factor in the high energy limit ω ≫ 1 are known, (9)). The yellow and red dashed line represent the asymptotic behaviors in ω ≪ 1 (eq. 10) and ω ≫ 1 (eq. 11), respectively.
For general ω, however, T l cannot be solved analytically and a numerical calculation is needed. We numerically obtain Γ(ω) and plot it in fig. 1 . Our result is consistent with previous works [3, 7] . Therefore by integrating eq. (3) with respect to time t, the GW spectrum produced by a single BH can be obtained. Before finishing this section, let us mention the effective DOF emitted by a BH. If one ignores greybody factor and consider a BH as a black-body radiator, the StefanBoltzmann law yields
where A BH ≡ 4πr 2 s is the area of the BH and g denotes the number of emitted DOF. Comparing eqs. (3) and (12), Anantua et al. [8] have introduced the following effective DOF g s including the effect of greybody factors:
where s is the spin of the particle in interest. The values of g s are given by [7] g s=0 ≈ 7.26, g
where "(un)charged" denotes the electric charge of the emitted spinor. One obtains the total DOF in the standard model as [9] g SM ≈ 4 × 10 2 .
Therefore after all the standard model particles are begun to radiate, less than 0.1% of the total emitted energy is radiated as gravitons. Note that this result is different by a order of magnitude from the naive estimation by the effective DOF in thermal equilibrium, 2/106.75 ≈ 2%.
III. GW SPECTRUM FROM EVAPORATING BH
In this section, we calculate the GW spectrum produced by a single BH without cosmic expansion. For simplicity, we consider that the total effective DOF changes instantly and only once at a BSM mass scale,
Then solving the evolution equation of a BH mass,
one can obtain the time evolution of T BH as [10]
where T 0 ≡ T BH (0) is the initial Hawking temperature,
BSM is the lifetime after t = t c and τ tot ≡ t c + τ 2 is the total lifetime of the BH.
Substituting eq. (18) into eq. (3), we obtain the time derivative of the graviton spectrum, dE GW /dtdω, as a function of time. Nonetheless, it is important to notice that if the BSM scale M BSM is much higher than the experimentally accessible scale, we cannot resolve the time variability of dE GW /dtdω. For example, provided M BSM ≫ T 0 = 10 −5 M Pl and g 1 = g SM , the BH lifetime is τ tot ≈ 10 14 M
−1
Pl ≈ 3 × 10 −29 sec. Therefore, in practice, the BH evaporates instantaneously and the observed spectrum is the time integral of eq. (3). Then we find
where we define X ≡ ω/T BH (t). The integrand in eq. (20) has a peak at X ≈ 10 since the greybody factor Γ(x) is suppressed for x 0.8 (see fig. 1 ). Therefore gravitons with energy ω are mostly emitted when ω ≈ 10T BH (t). This GW spectrum is numerically evaluated and plotted in fig. 2 . On the other hand, for ω ≫ T 0 , ω is greater than T BH (t) at the beginning while T BH (t) finally becomes much larger than ω. Thus the integration interval can be approximated by X = [0, ∞]. The numerical evaluation yields
and one finds
where g 1,2 is g 1 for ω 10M BSM and g 2 for ω 10M BSM . These approximated spectra, which are plotted in fig. 2 as dashed lines, clearly explain that the step like feature appears at ω ≈ 10M BSM and the amplitude drops there by the factor of g 1 /g 2 . The reason of the drop of the amplitude can be understood that the energy ratio going to gravitons decreases as the total DOF of the Hawking radiation increases. The GW spectrum, fig. 2 , can be realized if a single BH evaporates in our neighborhood in which the cosmic expansion is negligible. Although T 0 should be taken much lower in that case, it does not affect the step like feature. Thus if we could observe such spectrum, it is possible to know the mass scale and the DOF, namely the mass spectrum, of BSM particles. Unfortunately, however, it is difficult to observe the step in this case because its frequency is around M BSM and is probably too high to be detected even in the future.
In the next section, we consider primordial black holes (PBHs) which evaporate in very early universe. The frequency of a graviton which was emitted by a PBH gets substantially redshifted before coming to the earth and hence its frequency can be low enough to be observed.
IV. GW SPECTRUM FROM PBH
In this section, we calculate the GW spectrum produced by PBHs. The GW spectrum from PBHs has been computed in previous works [8, 11] but neither the greybody factor nor the change of the DOF are taken into account (however the latter is discussed in ref. [12] ). In the case of PBHs, two additional effect should be considered; cosmic expansion and the number density of PBHs.
PBHs are formed at
where the initial mass of a PBH is given by M 0 = 4πγρ/3H 3 (t form ) and T 0 ≡ M 2 Pl /M 0 . Provided that PBHs are formed at the radiation dominant era, the PBH energy fraction increases,
, PBHs dominate the universe before their evaporation at t evap ≡ t form + τ tot ≃ t c . In that case, from the onset of the PBH domination until the evaporation, the universe is in matter dominant era and the total energy density at the evaporation is given by
Ignoring the change of the DOF in the thermal bath, one finds the scale factor at the evaporation is
where the subscript "eq" denotes the time of matterradiation equality and ρ now is the energy density at present. Using the scaling, a ∝ t 1/2 during radiation dominant era and a ∝ t 2/3 during matter dominant era, one can obtain the scale factor a(t) from the PBH formation until the evaporation.
Remembering ω(t) = 2πν 0 /a(t) where ν 0 is the comoving frequency, we find that Ω GW ≡ ρ −1 now dρ GW /d ln ν 0 of the Hawking radiated gravitons at present is written by
where n BH is the PBH number density with the initial value, n BH (t form ) = 3βM fig. 3 . Again one can see the step like feature in the GW spectrum. Furthermore, in the case of fig. 3 , the frequency of the step is redshifted by the factor of a evap ≈ 10 −24 , and given by
Thus the frequency of the step is now accessible (remember (4 − 8) × 10 14 Hz is the frequency of visible light). In fact, the GW detector built by the group in university of Birmingham has sensitivity at ν 0 ≈ 10 15 Hz [13] . Although the sensitivity is not enough at present, it is expected to increase significantly in the future [14] .
It should be noted that the step frequency ν step depend on the initial mass of the PBHs. Here we consider that the PBHs are formed right after inflation due to the preheating [15] while PBHs can be formed by many other processes [4] . Then M 0 ≃ 10 5 M Pl is obtained from the Hubble parameter right after inflation, H f ≃ 10 13 GeV, which is favored based on the BICEP2 result [16] .
The Hawking radiation, eq. (3), is derived based on the quasi-classical treatment and is no longer reliable for ω M Pl . Therefore we introduce the cutoff in the integral range of eq.(27) by replacing t evap by t p ≡ t evap − 160/πg 2 M Pl at which the Hawking temperature reaches M Pl . Because of this artificial cutoff, Ω GW (ν 0 ) in fig.3 rapidly falls at ν cut ≈ 10
18 Hz while the red dashed line shows the case without the cutoff.
V. SUMMARY AND DISCUSSION
In this paper, we demonstrate that if the DOF of Hawking radiation increases at a BSM scale, a step like feature is imprinted in the GW spectrum produced by evaporating BHs. Since the step height and the frequency of the feature indicate the number of additional DOF and the energy scale of BSM particles, respectively, we can scan the mass spectrum of the actual BSM theory by observing the GW spectrum. We assume that all BSM particles live at 10 −3 M Pl for simplicity, set the initial mass of the PBH as 10 5 M Pl inspired by the BICEP2 re-sult, and calculate the GW spectrum from the PBHs (see fig. 3 ). It is found that the frequency of the spectrum feature is substantially redshifted due to cosmic expansion and enters the observable range. In reality, the BSM mass spectrum may be distributed over many different energy scales. In that case, a lot of steps appear in the GW spectrum while our methodology is still useful. Note that BHs can radiate even "dark particles" which couple to the standard model sector very weakly. Therefore our technique is sensitive to these dark particles and can be complementary to particle accelerators or direct detection experiments.
